A photoelectrochemical wet mesa etching ͑WME͒ process was used to fabricate InGaN-based light emitting diodes ͑LEDs͒ as a substitute for the conventional plasma mesa dry etching process. The p-type GaN:Mg layer, InGaN active layer, and n-type GaN:Si layer were etched through a sequential photoelectrochemical oxidation and oxide-removing process to define the mesa region. The higher lateral wet-etching rate ͑ϳ3.4 m/h͒ of the InGaN active layer was observed to form a wider undercut structure which has 42.7% light output power enhancement compared to a conventional LED fabricated with the plasma dry etching process. The reverse current of a WME-LED was suppressed by avoiding plasma damage during the dry mesa etching process. © 2008 The Electrochemical Society. ͓DOI: 10.1149/1.2908196͔ All rights reserved. Gallium nitride materials have attracted considerable interest in optoelectronic devices such as light emitting diodes ͑LEDs͒ and laser diodes. Because of the chemically stable properties of Ga-face GaN materials, the conventional InGaN-based LED grown on sapphire substrate has been fabricated through a plasma dry etching process that includes reactive ion etching ͑RIE͒, inductively coupled plasma ͑ICP͒ RIE, and electron cyclotron resonance RIE 1 to define the mesa region. A photoelectrochemical ͑PEC͒ wet-etching process was used for fabricating the nitride-based devices to reduce surface damage due to the plasma dry etching process, 2 to measure the threading defect density, 3 and to increase the light extraction efficiency with the roughened surface. 4 The PEC etching process on p-type GaN epitaxial layers has been reported to use a bias-assisted etching in KOH solution 5 and also an electrodeless photoelectrochemical etching in a K 2 S 2 O 8 /KOH solution 6 irradiated with UV light.
Gallium nitride materials have attracted considerable interest in optoelectronic devices such as light emitting diodes ͑LEDs͒ and laser diodes. Because of the chemically stable properties of Ga-face GaN materials, the conventional InGaN-based LED grown on sapphire substrate has been fabricated through a plasma dry etching process that includes reactive ion etching ͑RIE͒, inductively coupled plasma ͑ICP͒ RIE, and electron cyclotron resonance RIE 1 to define the mesa region. A photoelectrochemical ͑PEC͒ wet-etching process was used for fabricating the nitride-based devices to reduce surface damage due to the plasma dry etching process, 2 to measure the threading defect density, 3 and to increase the light extraction efficiency with the roughened surface. 4 The PEC etching process on p-type GaN epitaxial layers has been reported to use a bias-assisted etching in KOH solution 5 and also an electrodeless photoelectrochemical etching in a K 2 S 2 O 8 /KOH solution 6 irradiated with UV light.
In this article, the PEC wet mesa etching ͑WME͒ process was demonstrated by fabricating an InGaN-based LED. A p-type GaN:Mg layer, InGaN active layer, and n-type GaN:Si layer were etched to define the mesa region through this PEC wet oxidation process in deionized ͑DI͒ water, followed by the oxide-removing process in a diluted HCl solution. The higher lateral etching rate of an InGaN/GaN multiple quantum wells ͑MQWs͒ active layer was observed as the undercut structure that increases the light output power and suppresses the surface leakage current. The optical and electrical properties of InGaN-based LEDs fabricated through dry and wet mesa etching processes were compared and discussed in detail.
Experimental
InGaN-based LED structures were grown using a metallorganic chemical vapor deposition system on a C-face ͑0001͒ 2 in. diameter sapphire substrate. The LED structures consisted of a 3 m thick n-type GaN layer, ten pairs of InGaN/GaN MQW active layers, and a 0.2 m thick p-type GaN:Mg layer with a micropits-roughened surface ͑as-grown surface͒ shown in Fig. 1b . The active layers consisted of a 30 Å thick InGaN well layer and a 70 Å thick GaN barrier layer in a InGaN/GaN MQW structure. We cleaved a 2 in. LED wafer into two half-wafers to use for the mesa definition process in the dry-etching and wet-etching processes. In a standard LED ͑ST-LED͒, the p-and n-GaN regions are defined by the photoresist and etched by an ICP etcher as a 1.2 m depth mesa region. The mesa region of the LEDs was 260 ϫ 260 m 2 in size. In the WME-LED devices, an 800 W Hg lamp was used as the front-side illumination source during the PEC wet mesa etching process. In the PEC wet-etching process, the Ti metal layer was deposited and patterned by a photolithographic process on a p-type GaN surface as a mesa region with a size of 260 ϫ 260 m 2 . Indium metal was deposited on the LED wafer's edge as the anode electrode. A dc bias was applied to the p-type GaN:Mg surface as a positive 10 V, and the total exposure time was 5 h under Hg lamp illumination in unstirred DI water. The sequential PEC oxidation and oxide-removing process consisted of a 30 min oxidation process in DI water, followed by a 1 min oxide-removing process in a diluted HCl solution, with these dual processes repeated ten times. In this sequence, the GaN layer was oxidized as a GaOx layer in DI water. After the oxidation process, the oxidized samples were immersed in a diluted HCl solution to dissolve the GaOx layer. These sequential processes on the GaN-based epitaxial layers are defined as the PEC wetetching process. An illustrated figure of the experimental procedures is shown in Fig. 1a to describe the PEC wet mesa etching process. After the PEC wet-etching process, the top p-type GaN:Mg mesa region is still measured at 260 ϫ 260 m 2 in size. The mesa structure of WME-LED consisted of a 0.2 m thick p-type GaN:Mg layer, a 0.1 m thick InGaN/GaN MQW layer, and a 0.9 m thick * Electrochemical Society Active Member.
z E-mail: cflin@dragon.nchu.edu.tw Figure 1 . ͑Color online͒ ͑a͒ An illustrated figure of the experimental procedures has been added to describe the PEC wet-etching process. The fabricated procedures are listed as the following steps: ͑1͒ The PEC wet etching process occurs on the p-type GaN:Mg without any exposed n-type GaN layers in the DI water, ͑2͒ the higher lateral wet-etching rate occurs on the InGaN/GaN active layer without a p-type GaN:Mg layer, and ͑3͒ a wetetching process on the n-type GaN:Si is used to define the n-type GaN region for metal contact. ͑b͒ The schematic of the WME-LED structure is shown with an undercut structure under the top p-type GaN:Mg layer.
n-type GaN:Si layer. The etching depth of the ST-LED and WME-LED was defined as the same value of 1.2 m depth through the ICP dry etching and PEC etching processes when comparing device performance. The Ni/Au ͑3/5 nm͒ layer was deposited on the mesa region as a transparence contact layer ͑TCL͒ without a 10 m width region around the mesa edge, then the Ti/Al and Ni/Au metal layers were deposited on n-and p-type regions as metal bonding pads. The ST-LED and WME-LED devices were located at the 2 in. LED wafer center near the cleaved line in order to analyze their optical and electrical properties. We measured ten LED dies of ST-LED and WME-LED samples located at the 2 in. LED wafer center near the cleaved line in order to analyze their optical and electrical properties. In addition, the photoluminescence ͑PL͒ emission wavelength of the LED epitaxial wafer was almost the same as that measured by the PL mapping system. The etched mesa sidewall surfaces of both LEDs were not passivated in this experiment. The micrographs of both LEDs were observed using scanning electron microscopy ͑SEM͒. The optical and electrical properties of both LED samples were measured using the optical spectrum analyzer, Ando 6315A, and the precision semiconductor parameter analyzer, HP 4156C.
Results and Discussion
From the SEM micrograph shown in Fig. 2a , a 0.2 m thick p-type GaN:Mg layer, the undercut structure, and microroughened n-type GaN:Si surface were observed. The high-density V-shaped micropits were observed on a p-type GaN top surface that was formed by epitaxial growth as shown in Fig. 2b . The PEC oxidation process occurred on a p-type GaN:Mg layer without exposing the n-type GaN layer to the DI water with an external positive 10 V bias. The Ti-coated mesa region was the shadowed area that was protected from the PEC oxidation process when the mesa region was defined for the LED structure. 7, 8 The etching rate of the p-type GaN:Mg layer was calculated at a value of 0.067 m/h.
After the top p-type GaN:Mg layer was etched, the InGaN/GaN MQW layer and n-type GaN:Si layer were then exposed to DI water for the PEC process. During the PEC oxidation process on the n-type GaN-based layer, a selective PEC oxidation process occurred at the p-and n-type GaN interface shown in Fig. 1a and 2a . The OH ions from the DI water are attracted by the accumulated photoinduced holes on the n-type GaN surface during the oxidation process, but these same holes on the p-type GaN surface are depleted by the band-bending effect that occurs at the interface of the p-type GaN surface and the DI water. Beach et al. 9 reported that "p-type material sends electrons to the interface, while n-type material sends holes to the interface during photocurrent measurements." The average PEC etching rates of the undercut structure were approximately 0.5 m/h for the InGaN layer at the vertical direction and 3.4 m/h for the MQW active layer at the lateral etching direction. The lateral etched width of the InGaN/GaN MQW layer was approximately 6.7 m as observed in Fig. 2c , and it did not affect the emission area because this region did not have the TCL metal layer. The microroughened structure observed from the n-type GaN:Si mesa sidewall seen in Fig. 2d shows that the top of the p-type GaN layer had split from the mesa structure. The 0.2 m thick p-type GaN:Mg layer, the wider undercut structure caused by the selective oxidation process and the high lateral etching rate of InGaN active layer, and the microroughened n-type GaN:Si layer were observed in the WME-LED structure.
From the electroluminescence ͑EL͒ measurement shown in Fig.  3 , the wavelength of the EL spectrums for the ST-LED and the WME-LEDs were measured as values of 455.6 and 448.9 nm, respectively, at a 20 mA operating current. The EL emission peak had Figure 2 . The SEM micrographs of the PEC-treated WME-LED are described as follows. ͑a͒ The mesa edge region consists of a p-type GaN:Mg layer, an undercut structure, and a microroughened n-type GaN:Si surface. ͑b͒ The top 0.2 m thick p-type GaN:Mg layer has a high-density V-shaped micropits surface. ͑c͒ The wider undercut structure of the InGaN/GaN active layer can be observed. ͑d͒ The microroughened n-type GaN:Si surface on the mesa sidewall can be observed when the p-type GaN layer has split from the mesa structure during the sample cutting. 
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Electrochemical and Solid-State Letters, 11 ͑7͒ H169-H172 ͑2008͒ H170 6.7 nm blue shift phenomenon in the WME-LED compared to the ST-LED. The light output power as the function of the injection current is shown in Fig. 4a , as is the output power of the WME-LED that had a 42.7% enhancement compared to the ST-LED at 20 mA operating current. In the InGaN-based LED structures, the compressed strain induced a piezoelectric effect in the InGaN active layer caused by a lattice mismatch between the InGaN and the GaN layer. 10 The piezoelectric field resulted in the tilting of the valence and conduction bands in the InGaN quantum well, with the result that the envelope electron and hole wave functions were separated, reducing the electron-hole recombination efficiency. 11 To prove that the compress strain in an InGaN active layer induces partial relief, the optical properties of the LED samples were measured by micro-PL ͑-PL͒ spectrums using a 325 nm He-Cd laser as the excited source with a 10 m diameter spot size. The laser spot was focused on the central mesa region in both LED samples, and the PL emission peaks of the InGaN/GaN MQW active layers were observed at 458.2 nm ͑ST-LED͒ and 450.4 nm ͑WME-LED͒. The PL emission peak of the WME-LED has a blue shift phenomenon from 458.2 to 450.4 nm. The PL emission mechanism is the optical excitation process, which is different from the EL emission mechanism with an injection current, and the electric fields in InGaN/GaN MQW layers consist of a piezoelectric field and a built-in potential during the PL measurement. According to a report by Dai et al., 12 "the lattice mismatch induced strain was partially relieved and thus the piezoelectric field was reduced in the MQW microdisk. This partial strain relief in the MQW microdisks leads to a blueshift of the PL peak position as well as enhanced PL intensity in microdisks." With a reduced piezoelectric field, the electron and hole wave functions overlap, and hence the radiative recombination rate is increased. 13 In this experiment, the compress strain on the InGaN layer can be seen as a result of a partial relief from the mechanical undercut structure. The blue shift phenomenon of the PL emission peak is observed from the WME-LED samples, and the compress strain of the WME-LED gives partial relief to increase the radiative recombination rate of electron-hole pairs and increases the light output power. A higher lateral etching rate on the InGaN/GaN MQW active layers was observed to cause a wider undercut structure to be fabricated during the PEC wet mesa etching process. The compress strain on the InGaN layer can be a result of a partial relief from the mechanical undercut structure that improves the electronhole recombination efficiency in the active layer. The blue shift phenomenon and higher emission intensity of the EL emission spectrums can be explained as the wave-function overlap probability of electrons and holes that are increased due to the partial compressive strain relaxation and the lower piezoelectric field in the WME-LED. The recombination efficiency of electron-hole pairs was increased by reducing the piezoelectric field and flattening the band structure in the InGaN quantum wells.
The operating voltages of the ST-LED and the WME-LEDs were measured as values of 3.12 and 3.46 V at 20 mA as shown in Fig.  4a . In a WME-LED structure, the operating voltage might be slightly increased through larger contact resistivity of the metal electrode on a PEC microroughened n-type GaN surface. The currentvoltage characteristics ͑I-V curve͒ between both n-type electrodes are measured to analyze the contact resistance of the metal electrode on the PEC-etched n-type GaN surface. Both of the I-V curves have an ohmic property, and the total resistances between the two n-type electrodes are 10.6 ⍀ ͑ST-LED͒ and 25.1 ⍀ ͑WME-LED͒. The higher series resistance of the WME-LED is caused by the nonoptimum metal-contact fabricated conditions on the microroughened n-type GaN:Si surface. The reverse leakage currents were measured as values of 7.58 ϫ 10 −8 A ͑ST-LED͒ and 4.91 ϫ 10 −8 A ͑WME-LED͒ at −5 V as shown in Fig. 4b . The higher reverse leakage current of an ST-LED might be caused by surface-damage-induced leakage of current during the ICP dry mesa etching process. 14, 15 In the PEC wet-etched WME-LED structure, the mesa region was defined by the wet-etching process to avoid ICP plasma damage on the GaN sidewall surface. A higher light output power and an etching surface free from plasma damage can be attained from this WME-LED fabricated PEC wet mesa etching process.
Conclusions
A PEC wet mesa etching process was used to replace the conventional plasma dry-etching process to fabricate InGaN-based LEDs. The higher lateral etching rate of InGaN/GaN MQW layers induced a wider undercut structure on the WME-LED, which have a higher light-extraction efficiency and a higher internal quantum efficiency through the reduction of the piezoelectric effect in the active layer. The reverse leakage current of the WME-LED was suppressed to avoid surface damage during the plasma dry-etching process. This PEC wet mesa etching process for LED fabrication can increase light output power and suppress reverse current leakage for InGaN-based optical device applications. 
